Interannual variations of both the Baiu precipitation and tropical cyclone (TC) activity in the western North Pacific (WNP) are controlled by large-scale atmospheric circulations associated with the El Niño/Southern oscillation (ENSO) and the tropospheric biennial oscillation (TBO) of the Asian monsoon. This work examines covariability between the Baiu precipitation and the TC activity in the WNP through the ENSO and the TBO.
Introduction
The Baiu (in Japanese; Mei-yu in Chinese, and Changma in Korean) front is a large-scale precipitation system appearing in early boreal summer in East Asia (EA)−the western North Pacific (WNP) sector, which primarily controls summertime precipitation across the region. To manage water resources and mitigate the impacts of natural disasters associated with the Baiu precipitation, countries in EA need to improve their prediction scheme for the Baiu frontal activity more comprehensively. Many studies have examined the physical mechanisms of the interannual variability in the Baiu frontal activity (e.g., Tanaka 1997; Kawamura and Murakami 1998; Chang et al. 2000a Chang et al. , 2000b Tomita et al. 2004; Yamaura and Tomita 2011) .
Several studies have investigated correlation between the Baiu precipitation and El Niño/Southern oscillation (ENSO; Rasmusson and Carpenter 1982) , which is established while the ENSO, with its periodicity of 3 to 4 years, affects the global climate. Tanaka (1997) showed that in onset years of El Niño (La Niña), the Baiu precipitation tended to increase (decrease). Tomita et al. (2004) and Yamaura and Tomita (2011) examined more detailed spatial patterns of the Baiu precipitation anomalies formed by the PacificEast Asian (PEA) teleconnection of the ENSO (Wang et al. 2000) .
The tropospheric biennial oscillation (TBO) of the Asian monsoon (Meehl 1987 (Meehl , 1993 (Meehl , 1997 ) also modifies the interannual variations in Baiu precipitation. Although the sea surface temperature anomalies (SSTAs) associated with the TBO are similar to those of the ENSO (e.g., Chang and Li 2000; Meehl and Arblaster 2002; Kawamura et al. 2003; Meehl et al. 2003; Li et al. 2006) , they have a different spatial phase which is shifted by approximately π/2 in the WNP, thus enabling the specific PEA-like teleconnection (Tomita et al. 2004) . Anomalous meridional circulations associated with the SSTAs alter precipitation, particularly in the western part of the Baiu front between 110°−140°E (Yamaura and Tomita 2011) . Shen and Lau (1995) reported that interannual variation in precipitation over China, relating to the western Baiu precipitation, displayed a strong biennial tendency caused by an anomalous anticyclone near the Philippines and the modification of water vapor flow.
Many researchers have investigated the relationship between the ENSO and TC activity in the WNP (e.g., Chan 2000 Chan , 2007 Wang and Chan 2002; Camargo and Sobel 2005) . For instance, Chan (2000) and Camargo and Sobel (2005) revealed that in the boreal fall when an El Niño event developed, the number of TCs tended to decrease in the South China Sea, but increase in the eastern part of the western tropical Pacific (0°−20°N, 140°E−180°). Wang and Chan (2002) also noted that TCs in the WNP tend to occur at lower latitudes, move farther northward, and have longer lifetime during an El Niño event than at the other times. In the years following an El Niño event, TC activity is suppressed from January to July. With a similar distribution of SSTAs and anomalous atmospheric circulations, the TBO probably alters TC activity in the WNP, although this still remains to be confirmed.
The TCs in the EA−WNP sector have potential for changing the strength and spatial distribution of the Baiu precipitation as they approach the Baiu front. However, the TCs may not influence the total Baiu precipitation because the number of TC geneses is not large in the WNP during June−July (6 TCs on average) and therefore the effects are restricted in time and space. This work examines this covariation in more detail, that is, if event-like TCs in the WNP significantly modify the amount and distribution of the Baiu precipitation in a year by diagnosing covariability between the TC activity and the Baiu precipitation from the large-scale point of view. The interannual tendency is particularly investigated in large-scale atmospheric variations associated with the ENSO and the TBO.
The aim of this work is to understand the interannual variability in Baiu precipitation more comprehensively. The specific targets are summarized in Fig.  1 , which illustrates the flows diagnosed in this work. We primarily re-examined whether large-scale atmospheric circulations associated with the ENSO and the TBO control the interannual variations of the Baiu precipitation. We then reveal how the ENSO and the TBO modify TC activity in the WNP during the Baiu season. Finally, we evaluated covariability between the Baiu precipitation and the TC activity in the WNP through the large-scale atmospheric circulations modified by the ENSO and the TBO.
The rest of this paper is structured as follows. Section 2 presents data and methodologies used in this work. Section 3 demonstrates how the ENSO and the TBO modify the Baiu precipitation on interannual time scales. Section 4 discusses the interannual variability of TC activity in the WNP with respect to the ENSO and the TBO. Section 5 examines how large-scale at- mospheric circulations modified by the ENSO and the TBO connect the Baiu precipitation anomalies and the anomalous TC activity in the WNP. Finally, a summary of this work and further discussions are given in Section 6.
Data and methodology
This work uses data from the following five datasets: (1) the Global Precipitation Climatology Project (GPCP) monthly data for precipitation rate, which are set on global grids with a 2.5° interval (Adler et al. 2003) ; (2) the Japanese 25-year Reanalysis (JRA-25)/ Japan Meteorological Agency Climate Data Assimilation System (JCDAS) 6-hourly and monthly data for atmospheric parameters covering the globe with a spatial resolution of 1.25° (Onogi et al. 2007) ; (3) the Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) data edited by the United Kingdom Meteorological Office for monthly SST, which cover almost the entire globe with 1° grids (Rayner et al. 2003) ; (4) daily data of global outgoing long-wave radiation (OLR) compiled by the National Oceanic and Atmospheric Administration (NOAA) with a 2.5° grid interval (Liebmann and Smith 1996) ; and (5) 6-hourly data of TCs in the WNP (100°E−180°, 0°−50°N) collected by the Joint Typhoon Warning Center (JTWC). This work uses the location and maximum wind speed of all TCs, which includes tropical depressions whose maximum wind speed is less than 17.2 m s -1 . To diagnose atmospheric circulations associated with interannual variations in the Baiu precipitation, this work employs data collected during the Baiu season (June and July) for a time period from 1979 to 2008 (30 years).
In general, the existence of TCs has a large impact on daily mean atmospheric circulations. However, these impacts may be small when considering monthly mean atmospheric circulation because TCs occur infrequently and therefore their impacts are diluted over the longer time frame. To evaluate the effect of TCs in a region, we estimated the number of TCs (NTC) and the accumulated cyclone energy (ACE; Bell et al. 2000; Camargo and Sobel 2005) . NTC is simply formulated as follows:
where N is the number of TCs in an area. ACE is a parameter related to the kinetic energy and is expressed as follows:
where V max is the maximum wind speed of TCs. To exhibit the spatial distributions of NTC and ACE in the WNP (100°E−180°, 0°−50°N), we estimated these two parameters for every 2.5° × 2.5° grid cell. To determine the interannual variability of these parameters during the Baiu season, a temporal summation for June and July was calculated for every year from 1979 to 2008 (30 years) using the total number of observations made over the two months (244: four times daily over 61 days).
The empirical orthogonal function (EOF) analysis was conducted on the Baiu precipitation data to extract the dominant interannual variations. In addition, we applied the power spectral analysis to the time coefficients of the EOF modes to reveal significant periodicity. To estimate anomalies associated with each of the EOF modes, we calculated two 10-year means, one with positive and the other with negative time coefficients. The difference between these two means was termed the differential anomaly. The difference from the long-term (1979−2008 ; 30 years) mean was also calculated for the two 10-year means as a general anomaly.
Interannual variations in the Baiu precipitation and the associated large-scale atmospheric circulations
This section discusses how typical large-scale interannual variations, such as the ENSO and the TBO of the Asian monsoon, modulate the Baiu precipitation. Before discussing anomaly fields, we briefly describe the climatology of Baiu precipitation. Figure 2 shows the 30-year (1979−2008) mean precipitation rate, the standard deviation, and the vertically (300−1000 hPa) integrated water vapor flux in the WNP for June to July. The vectors of vertically integrated water vapor flux represent lower atmospheric circulations because moisture tends to concentrate in the lower troposphere. During the Baiu season, a large-scale rain band, which identifies the Baiu front, extends northeastward from the southeastern part of China to the east of Japan. In this front, locally large precipitation rates (> 10 mm day -1 ) are observed in and around Kyushu, Japan. The regions with large standard deviations (shaded) correspond to those areas with large means (contours). The monsoon westerlies that blow through the Bay of Bengal converge around the Philippines with the trades in the southwestern periphery of the North Pacific subtropical high. As a result, warm and moist air from the tropics steers northward, reaching Japan, Korea, and eastern China. It is conceivable that the Baiu front is a subsystem of the Asian summer monsoon which is located in the northernmost part.
To investigate the interannual variability of Baiu precipitation near Japan, we applied the EOF analysis to the precipitation rate data in an area where large standard deviations appeared on interannual time scales (25°−40°N, 125°−155°E; the rectangle in Fig. 2 ). This approach may spatiotemporally expand the findings of Tomita et al. (2004) . Additionally, Yamaura and Tomita (2011) employed the cluster analysis to extract dominant interannual variations in the Baiu precipitation for June. Those studies revealed that the effects of the ENSO were spatially orthogonal to those of the TBO, suggesting that the EOF analysis is useful in extracting the dominant interannual variations in the Baiu precipitation on large spatial scales. Figure 3 demonstrates the eigenvector, normalized time coefficients, and power spectral density of the coefficients for the first EOF mode (EOF1) which explains 34.5% of the total variance. The eigenvector exhibits a remarkable monopole pattern with negative values centered to the south of Kyushu, Japan, although small positive values appear around the Korean Peninsula (Fig. 3a) . This pattern indicates that the Baiu precipitation is suppressed to the south of Japan and is weakly enhanced around the Korean Peninsula in years when the time coefficients of EOF1 (Fig. 3b) is positive. The interannual variation is shown in Fig. 3b , and Fig. 3c displays the dominant period of about 5 years. The eigenvector is shown in (a), the normalized time coefficients are indicated in (b), and the power spectral density (PSD) of (b) is exhibited in (c) with the 95% significance (dotted line) estimated from the red noise spectrum based on a first-order auto-regression. The standard deviation for the normalization in (b) is imposed on the eigenvector in (a). In (b), the ordinate indicates multiples of standard deviation, and the abscissa denotes years. In (c), the ordinate is for the PSD, and the abscissa is for frequency with a unit of cycles per year.
In a similar way to the EOF1, the spatiotemporal structure of the second EOF mode (EOF2) was estimated (Fig. 4) . The contribution rate of EOF2 to the total variance is 14.8%. The spatial structure is characterized by a dipole with centers over Kyushu and to the southeast of Japan (Fig. 4a) . In the years when the time coeffients of EOF2 ( Fig. 4b) is positive, the Baiu precipitation tends to increase to the southeast of Japan and to decrease in and around Kyushu. Although the contribution rate of EOF2 is relatively small, it appears to be locally crucial for the Baiu precipitation in and around Kyushu, where the climatological means and the standard deviations are large (Fig. 2) . As shown in Figs. 4b and 4c, the time variability of EOF2 is differentiated by a quasi-biennial tendency.
The third EOF mode (EOF3) explains 12.3% of the total variance. The spatial structure of EOF3 displays a monopole pattern with the center near Kyushu and the time coefficients identify a quasi-biennial oscillation (not shown). However, the EOF3 had insignificant correlations with both the ENSO and the TBO of the Asian summer monsoon. In this work, we consider the spatiotemporal structures identified by EOF1 and EOF2.
The predominant periodicity was definitely different between EOF1 (5 years; Fig. 3c ) and EOF2 (2 years; Fig. 4c ), suggesting that the two interannual variations were statistically and physically isolated. Because of these significant periodicity, we can correlate EOF1 with the ENSO and EOF2 with the TBO of the Asian monsoon. To evaluate these correlations, we examined lagged and simultaneous correlations between the EOF time coefficients and variations in SST in the following three regions: (1) the NINO3 region (5°S−5°N, 90°−150°W), (2) the western equatorial Pacific (WEP; 5°S−5°N, 120°−140°E), and (3) the northern Indian Ocean (NIO; 0°−20°N, 40°−100°E) (Fig. 5 ). The SST in the NINO3 region is a representative index of the ENSO, whereas the atmospheric counterpart is the Southern Oscillation index. The SST in the NIO also retains the information of the ENSO from winter to summer (Xie et al. 2009 ). The TBO of the Asian monsoon may be represented by the SST in the WEP (Shen and Lau 1995; Yamaura and Tomita 2011) . Figure 5a shows the statistically significant negative correlations (5% level) between the time coefficients of EOF1 in June and July, and the interannual variation of SST in the NINO3 region from January to April (thick solid line). These negative correlations weaken to an insignificant level by late spring, with the simultaneous correlation in June−July remaining insignificant. The correlations with the interannual variation of SST in the NIO negatively increase and reach its negative peak in August (thin solid line). This lag suggests a role of the NIO as a capacitor, retaining the information on wintertime ENSO events until summer. It is conceivable that the Baiu precipitation is modified by anomalous convection or horizontal atmospheric circulations around the Philippines which are remotely forced by SSTAs in the NIO through propagation of the Kelvin waves (Xie et al. 2009 ). The PEA teleconnection remained until early summer and may have also contributed to the modification of Baiu precipitation (Wang et al. 2000) . Correlations with the interannual SST variation in the WEP are insignificant all year round (dotted line). Hereafter, we refer to EOF1 as the ENSO mode. Figure 5b shows similar correlations for EOF2. Statistically significant positive correlations are identified for the SST in the WEP from March to October, except for June and September, although those two months almost reach the significance level (dotted line). Conversely, correlations with the SST in the NINO3 region (thick solid line) are significantly negative in June and July, while those of the NIO (thin solid line), which show a negative slope and change from positive to negative over a year, are insignificant. These lagged and simultaneous correlations imply that when EOF2 is positive ( Fig. 4a) , positive SSTAs are likely to appear in the NIO and WEP during the preceding winter. By spring, the SSTAs in the NIO become small, while those in the WEP are stably positive. In June and July, negative SSTAs appear in the NINO3 region, creating a negative slope in SSTAs in the equatorial Pacific, similar to a cold ENSO event. This zonal SSTA gradient remains during summer in the equatorial Pacific, while the SSTAs in the NIO change their sign in summer. These systematic variations in the SSTAs correspond to the nature of the TBO of the Asian monsoon, as shown by Kawamura et al. (2003) . The TBO is particularly detectable in decades after the climatic regime shift, occurring in the second half of the 1970s (e.g., Shen and Lau 1995; Tomita and Yasunari 1996; Lau and Wu 2001; Tomita et al. 2004; Yamaura and Tomita 2011) . Hereafter, we refer to EOF2 as the TBO mode.
In addition, this work defines the L (E) pattern in the ENSO and TBO modes as La Niña-like (El Niño-like) distributions of SSTAs; that is, negative (positive) SSTAs appear in the eastern tropical Pacific when this pattern is dominant. On the basis of this definition, EOF1 (the ENSO mode), which correlates with the ENSO, is divided into two patterns depending on the polarity. One pattern is similar to La Niña in cases when the time coefficients are positive; this is referred to as ENSO/L. The other is the opposite pattern, identical to El Niño; which is abbreviated as ENSO/E. In the same way, EOF2 (the TBO mode) is separated into two patterns, TBO/L and TBO/E, using SSTAs in the eastern tropical Pacific. The years included in each mode are shown in Table 1 . Tomita et al. (2004) and Yamaura and Tomita (2011) pointed out that the Baiu precipitation anomalies are largely modified by tropical and subtropical lower atmospheric circulations associated with the ENSO and the TBO. Figure 6 shows precipitation rate anomalies (shaded), stream function anomalies at 850 hPa (contours), and stationary wave activity fluxes (W) estimated in anomaly fields (vectors). W indicates the energy propagation of stationary Rossby waves with a direction parallel to that of group velocity, expressed in the horizontal field (Takaya and Nakamura 2001) by
where p = (pressure/1000 hPa); U = (U, V) T , which is a steady zonally inhomogeneous basic flow; and ψ indicates stream function anomalies. Subscripts in ψ denote partial derivatives.
The anomaly fields associated with the ENSO mode (Fig. 6a) , in which the anomalies were estimated from the difference between ENSO/L and EN-SO/E (ENSO/L -ENSO/E), reveal that precipitation rate anomalies were negative in the region stretching northeastward from southeastern China toward the east of Japan, and were positive in and around the Yellow Sea. This pattern corresponds to the eigenvector pattern of EOF1 (Fig. 3a) . Additionally, regions with positive precipitation rate anomalies extend zonally toward the south of the negative anomalies, which trace back farther to the Indian subcontinent. In the atmospheric circulation fields, an anomalous anticyclone is observed near (30°N, 130°E), and two anomalous cyclones are centered near (15°N, 123°E) and (25°N, 157°E). Using a geostrophic approximation, it is expected that southwesterly (northeasterly) winds will occur around the northwestern (southeastern) part of an anticyclone and around the southeastern (northwestern) part of a cyclone. Regions with anomalous southwesterly (northeasterly) winds are also regions with anomalous convergence (divergence) and ascent (descent) within the lower troposphere, resulting in anomalous precipitation rates at these locations (Yamaura and Tomita 2011) . This relationship is also confirmed in Fig. 6a . Because two anomalous cyclones modify the axis of the monsoon westerlies southward in the WNP, negative precipitation rate anomalies are exhibited in the Baiu front where water vapor fluxes are weakened (Fig. 6a ). In addition, W diverges around the two anomalous cyclones in the WNP and converges with the anomalous anticyclonic center near Kyushu, suggesting that the anomalous anticyclone is formed by energy propagation of stationary Rossby waves associated with the two anomalous cyclones. The configuration of the anomalous circulations in the WNP is critical for the ENSO mode, which largely modifies precipitation along the Baiu front (Figs. 3a, 6a) . Figure 6b shows the anomalies associated with the TBO mode, which were estimated using a similar differential technique (TBO/L -TBO/E). Positive anomalies in precipitation rate extend to the southeast of Japan (25°N, 150°E) , whereas negative anomalies appear from the East China Sea to Japan. This pattern in precipitation rate anomalies reflects that of the eigenvector of EOF2 (Fig. 4a) . We can also identify positive anomalies along the equator for longitudes 80°−140°E, while the negative anomalies extend to the east. This equatorial pattern probably reflects the anomalous Walker circulation concurrent with the TBO of the Asian monsoon through the zonal SST gradient in the western equatorial Pacific (Fig. 5b) . In the anomalous atmospheric circulation, a large anomalous cyclone is identified to the southeast of Japan around (27°N, 143°E) , and two anomalous ridges centered at (8°N, 155°E) and (44°N, 175°E) surround it, except westward. Positive precipitation rate anomalies are associated with the anomalous cyclone, particularly in the southeastern portion where anomalous southwesterly winds are expected. A small region with negative precipitation rate anomalies extends in the northwestern area near Japan with geostrophic northeasterlies. The relatively large anomalous cyclone to the southeast of Japan shifts southward the axis of the monsoon westerlies in the WNP. Additionally, W diverges northeastward from the anomalous cyclone to the adjacent anomalous anticyclone around (44°N, 175°E) . The size of W is small in the tropics to the south of the anomalous cyclone, indicating that it is not being forced by atmospheric circulations in the tropics through stationary Rossby waves. The anomalous cyclone to the southeast of Japan is probably a key element in controlling variations in the Baiu precipitation for the TBO mode.
Typical large-scale interannual variations and tropical cyclone activity in the western North Pacific during the Baiu season
In this section we examine how the ENSO and the TBO of the Asian monsoon modulate TC activity in the WNP during the Baiu season, June and July. As indices of TC activity, this work employs the NTC and the ACE, which were estimated from the 6-hourly data of TCs aggregated by the JTWC. First, the climatologies of the NTC and the ACE are described in the WNP. Figure 7 shows the long-term (1979−2008; 30 years) means of the NTC, the ACE, and the ratio of ACE to NTC (ACE/NTC) in the WNP in June and July. This work employed both the NTC and the ACE to evaluate the strength of atmospheric circulations associated with TCs. The investigations show that the ACE behaves proportionally to the NTC (Figs. 7a, b) , and ACE/NTC indicates the mean ACE of a TC in an area (Fig. 7c) .
The climatological NTC in June−July is large in the northern half of the South China Sea and in the region extending southeastward, both of which have large number values greater than 2 (Fig. 7a) . This indicates that in one year, there are two TCs in June−July. Note that the number is counted in a region of 2.5° × 2.5°, and we also need to consider the existence period for TCs in the region. Regions with the NTC values of 0.5 ), and (c) the ratio of ACE to NTC (ACE/NTC; 10 3 m 2 s -2 ) during June−July, estimated from the JTWC data (244 data for each year: 61 days × 4 times daily). Note that the NTC is not the number of TC geneses but the number of TCs existing in a grid box of 2.5˚ × 2.5˚. The shading scale is shown at the right of each panel.
or larger extend to the south of Japan, with a part reaching the Korean Peninsula. Mean ACE values are largest (exceeding 2.0 × 10 3 m 2 s -2 ) to the east of Taiwan and around Luzon Island of the Philippines in the WNP (Fig. 7b) . The region with large ACE corresponds to that with large NTC, except at the southeastern margin around (8°N, 140°E) . This difference indicates that the maximum wind speed of the TC is relatively small, either because the TCs do not sufficiently develop or they are not well organized at lower latitudes. In Fig.  7c , ACE/NTC is large in a band of 15°−30°N in the WNP. This region is different from the region in which large NTC values appears (Fig. 7a) . This difference, in turn, suggests that TCs develop and move north or northwestward and reach maximum wind speed around 15°−30°N in the WNP. Note that the extremely large values to the north of the Marshall Islands are due to the small NTC values there.
Whereas previous studies have focused on the relationship between the ENSO and TC activity in the WNP (e.g., Chan 2000 Chan , 2007 Wang and Chan 2002; Camargo and Sobel 2005) , this work focuses on TC activity during the Baiu season and examines how the NTC and the ACE during this season are modulated by the ENSO and the TBO. Figure 8 shows the NTC and ACE anomalies for June−July associated with the ENSO and TBO modes (Figs. 3, 4) . With respect to the ENSO mode, regions with positive NTC anomalies extend from the northern part of the South China Sea to the east of Luzon Island, and those with negative anomalies appear to the south of Japan (Fig. 8a) . The spatial pattern of ACE anomalies in the ENSO mode (Fig. 8b ) is similar to that of NTC anomalies, with both displaying an east−west dipole-like pattern with a meridional axis around 130°E. This implies a zonal shift of TC activity associated with the phases of the ENSO mode. This anomalous pattern indicates that the ACE tends to increase (decrease) around the Philippines after a La Niña (El Niño) event (Camargo and Sobel 2005) . With respect to the TBO mode, positive NTC anomalies extend to the north of 17°N, while negative anomalies extend to the south (Fig. 8c) . This meridional dipole suggests that anomalous TC genesis in June− July systematically shifts in the meridional direction with the TBO mode, unlike the zonal shift observed in the ENSO mode. The spatial pattern in ACE anomalies (Fig. 8d ) also displays a similar meridional dipole straddling 17°N in the WNP, although negative anomalies are small around 10°N. The small values are probably caused by weak TCs to the south of 10°N.
To better evaluate the influences of the ENSO and TBO on TC activity in the WNP, we examined how atmospheric circulation anomalies associated with the ENSO and the TBO correlate with the TC activity. To choose the specific regions, we again pay attention to the areas (boxes) where large anomalies of stream function at 850 hPa appeared in Fig. 6 . For each of the six boxes, the areal means of the NTC and the ACE in June−July were estimated for the years in Table 1 . From this the following three statistics were calculated: (1) Student's t-value (t), (2) degrees of freedom (DF), and (3) probability value (p) (Press et al. 1992) , each of which is expressed by
In these equations, X denotes the value of NTC or ACE in each year. Subscript A indicates the names of the chosen boxes (A−F), whereas superscript, L (E), indicates the years of ENSO/L (E) or TBO/L (E). n denotes the number of years in each case of ENSO/L (E) and TBO/L (E) (n L = n E = 10 in this work). PDF is the probability density function of the Student's t-distribution.
The results for areal means of the NTC are shown in Table 2 . In Region A, the difference between areal mean NTC values for ENSO/L and ENSO/E is 19.2, which is significant at the 5% level. This difference indicates that the areal mean NTC in Region A is significantly large for ENSO/L compared to that for ENSO/E (Figs. 8a, b) . This implies that TC activity, related to the number of TCs, covaries to the formation of an anomalous cyclone around the Philippines (Fig. 6a) . In the areal means of the ACE results (Table  3) , the only significant anomaly (at the 5% level) appears in Region E; this demonstrates that the ACE in this region is significantly large in TBO/L compared with that in TBO/E (Figs. 8c, d ). This suggests that the TC activity, related to the strength of TCs, covaries to the anomalous cyclone to the southeast of Japan (Fig.  6b) . Note that the areal means of "ACE" in Region A and that of "NTC" in Region E are insignificant. The former suggests that the strength of TCs in Region A is weak in the ENSO mode, while the latter implies that difference in TC numbers in Region E is insignificant between TBO/L and TBO/E. Thus, the characters of TC activity correlating to anomalous circulations are different between the ENSO and TBO modes.
Covariability between the Baiu precipitation and tropical cyclone activity in the western North Pacific through large-scale atmospheric circulations
This section examines how the anomalous atmospheric circulations associated with the ENSO and the TBO conduct covariability between the Baiu precipitation and TC activity in the WNP. That is, coherence between the results of Sections 3 and 4 is diagnosed. To approach this issue, we used the 6-hourly TC data from JTWC, the daily mean OLR compiled at NOAA, and the 6-hourly stream function at 850 hPa in the JRA-25/ JCDAS reanalysis datasets. Using these data, the following three anomaly fields were calculated: (1) anomalies using all the data during June−July, which correspond to those estimated from monthly mean data; (2) anomalies of days when TCs were not observed in specific regions; and (3) anomalies for days when TCs were observed in specific regions. The specific regions investigated were Region A in the ENSO mode and Region E in the TBO mode. Hereafter, we call these three anomaly fields (1) ALL, (2) EXT, and (3) WIT, respectively, in which the later two are from "except for" and "with" TCs. These three anomaly fields were calculated on the basis of time coefficients representing the ENSO and TBO modes (Figs. 3b, 4b) . The composite days for the four cases, ENSO/L, ENSO/E, TBO/L, and TBO/E, are listed in Table 4 . The three anomaly fields were estimated based on the long-term (1979−2008; 30 years) means for the four cases. Note that atmospheric circulation anomalies in WIT are always cyclonic near specific regions where TCs are strong regardless of the ENSO and TBO mode phases.
The ENSO mode shows a significant difference in Region A with respect to areal mean of NTC (Table  2) . On the basis of this difference, we examined the anomaly fields of OLR and stream function at 850 hPa in the cases of ENSO/L and ENSO/E (Fig. 9) . In ALL (Fig. 9a) , we found positive OLR anomalies extending northeastward from the East China Sea to the east of Japan, which suggested weaker-than-normal convection. Accompanying the positive region were two negative regions one to the northwest and the other to the southeast. The stream function anomalies at 850 hPa indicate an anomalous anticyclone around western Japan and a larger anomalous cyclone to the southeast (27°N, 155°E). These OLR and stream function patterns correspond to the precipitation and stream function anomalies shown in Fig. 6a . In EXT (Fig. 9b) , the OLR and stream function anomalies explain those in ALL to the east of 140°E. However, the differences are large to the west of 140°E, particularly in Region A. The positive OLR anomalies in Region A suggest an anomalous decrease in convective activity. In the stream function anomaly field, differences in Region A indicate the presence of an anomalous anticyclone. To the west of 140°E, the OLR and stream function anomalies of WIT (Fig. 9c) seem to contribute to the anomalies of ALL (Fig. 9a) . The negative OLR and stream function anomalies around the Philippines and positive anomalies near southwestern Japan are similar to the Pacific−Japan (PJ) pattern of a stationary Rossby wave train, which is sometimes excited by TCs (Kawamura and Ogasawara 2006; Yamada and Kawamura 2007 ).
This pattern enhances atmospheric circulations around western Japan. To make the anomalous atmospheric circulations to the west of 140°E in ALL (Fig. 9a) , the PJ pattern, which is plausibly forced by TC activity in Region A, is required. Thus, TC activity in Region A (Fig. 9c) modifies the anomalies to the west of 140°E in days without TCs (Fig. 9b) , and covaries with largescale atmospheric circulation anomalies of ENSO/L for monthly mean fields (Fig. 9a) . In the case of ENSO/E, the patterns of OLR and stream function anomalies in ALL (Fig. 9d) are similar to those of ENSO/L (Fig. 9a) but with opposite polarity. Negative OLR anomalies extend along 28°N in the WNP and are accompanied with small positive anomalies to the south. The stream function anomalies reveal an anomalously large anticyclone that stretches northeastward from the Philippines to the International Date Line. In EXT (Fig. 9e) , the OLR anomalies are consistent with those in ALL, which are significantly enhanced. The pattern of stream function anomalies in EXT is similar to that in ALL. The OLR anomalies in WIT (Fig. 9f) indicate enhanced convection around the Philippines, and the stream function anomalies display an anomalous cyclone close to the Philippines. The spatial patterns of OLR and stream function anomalies in WIT are inconsistent with those patterns in ALL and EXT. Thus, the large-scale atmospheric circulation anomalies without TCs in Region A (Fig. 9e ) largely contribute to constructing the pattern of OLR and stream function anomalies of ENSO/E (Fig. 9d) . This is because the covariation with TCs in Region A is small, or negative to the anomalies observed in EN-SO/E. In the ENSO mode, the NTC in Region A (Table  2) seems to determine the strength of the anomalous cyclone around the Philippines in WIT, which is stronger in ENSO/L (Fig. 9c ) than in ENSO/E (Fig. 9f) .
We then examined the anomaly fields associated with the TBO mode, and TC activity in Region E, which demonstrated a significant difference in the ACE between TBO/L and TBO/E (Fig. 10) . In ALL for TBO/L (Fig. 10a) , the spatial pattern of OLR anomalies is characterized by positive anomalies over the East China Sea and near the equator (east of 140°E). Regions with negative OLR anomalies can be seen to the southeast of Japan, centered at (22°N, 155°E) . The pattern of stream function anomalies indicated that an anomalous cyclone extended to the southeast of Japan around (27°N, 140°E) . The spatial patterns of OLR and stream function anomalies reflect those of precipitation and circulation anomalies in the TBO mode (Fig. 6b) . In contrast, the OLR and stream function anomalies to the southeast of Japan are smaller in EXT than in ALL (Fig. 10b) . This implies that TC activity is a prerequisite for forming the anomaly fields in ALL. In fact, in WIT (Fig. 10c) , the OLR and stream function anomalies near the negative center to the southeast of Japan are larger than those in EXT. A wave train reminiscent of the PJ pattern appears in the WNP, probably caused by strong TC activity with the large ACE in Region E (Table 3) . Since the location of Region E with deep convection is different from that of Region A, the spatial phase of the wave train is shifted northeastward relative to that shown in Fig. 9c . As a result, the TC activity in Region E (Fig. 10c) and the large-scale atmospheric circulations without this effect (Fig. 10b) complement the anomaly fields in ALL for TBO/L (Fig. 10a) . In particular, the TC activity in Region E can give significance to the OLR anomalies to the southeast of Japan.
In ALL for TBO/E (Fig. 10d) , the OLR and stream function anomalies yield an image with the opposite polarity to that in ALL for TBO/L (Fig. 10a ). This is characterized by negative OLR anomalies that stretch from the southeastern part of China to central Japan, and positive anomalies that spread to the southeast of Japan. In addition, an anomalous anticyclone appears to the southeast of Japan near (27°N, 143°E) . The anomalous anticyclone may occur because of the PEAlike teleconnection, related to convection in the eastern tropical Pacific where positive SSTAs are developed. The OLR and stream function anomalies in EXT (Fig.  10e ) well correspond to those in the ALL, whereas the image for WIT (Fig. 10f) is very different. Regarding total anomaly fields in ALL for TBO/E (Fig. 10d) , the large-scale atmospheric circulations without TCs in Region E mainly contribute (Fig. 10e) , whereas there is almost no covariation with TC activity (Fig. 10f ).
Figures 9 and 10 suggest that TC activity in the WNP covaries with large-scale atmospheric circulations in ENSO/L and TBO/L. However, the TC activity may be involved in intraseasonal or biweekly oscillations. For example, the Madden−Julian oscillation (MJO), which represents an intraseasonal oscillation in the tropics, tends to increase TC genesis in the WNP in its active convection phase (Liebmann et al. 1994) . To examine the covariability of TC activity in Regions A and E with those subseasonal oscillations, we performed a lagged composite analysis for OLR, stream function at 850 hPa, and vertically (250−850 hPa) averaged temperature (Fig. 11) . The vertically averaged temperature is proportional to the thickness of the entire troposphere, which is useful when evaluating warming by latent heat release from convection and cooling by southward movement of air in the mid-latitudes. If the WIT composites (Figs. 9c, 10c ) are involved in subseasonal oscillations, the lagged changes of these three variables should show a subseasonal periodicity.
The result in Region A for ENSO/L (Fig. 11a) shows an anomalous cyclone, negative OLR, and positive vertically averaged temperature anomalies in the day lag 0, indicating enhanced convection with strong TC activity. The time changes in these three variables indicate very little subseasonal tendency. Changes in OLR and vertically averaged temperature display a soliton-like variation rather than an oscillation. A favorable condition for the genesis and development of TCs seems to appear from the day lag -10 or so. This preconditioning suggests that large-scale atmospheric circulations locally induce TC activity, and there is a covariation between the large-scale atmospheric circulations and TC activity during the period. The convective activity in Region A (Fig. 9c) is mainly enhanced by TC activity without subseasonal oscillations.
In Region E for TBO/L (Fig. 11b) , an anomalous cyclone, negative OLR, and positive vertically averaged temperature anomalies are significant in the day lag 0, which indicates enhanced convective activity connected to strong TC activity. The large variability shown in Fig. 11b may be due to the small number of counted TCs (Table 4 ). The three variables seem not to have systematic subseasonal oscillations. In particular, the variation in OLR anomalies is not consistent. The precondition for TCs with convective and large-scale cyclonic circulation anomalies is set from the day lag -5, although this period is shorter than that in Region A for ENSO/L (Fig. 11a) . This preconditioning again suggests that there is a covariation between TC activity and large-scale atmospheric circulations. It is conceivable that convective activity in Region E (Fig. 10c ) mainly collaborates with TC activity without well-organized subseasonal oscillations.
To examine the existence of subseasonal oscillations in more depth, we investigated the time−longitude cross sections of OLR anomalies with lags from -30 to 30 days corresponding to those in Fig 11 (Fig. 12) . The latitudinal bands are 12.5°−22.5°N for ENSO/L (Fig.  12a ) and 22.5°−32.5°N for TBO/L (Fig. 12b) . Since subseasonal oscillations excited by Rossby waves tend to move westward in the subtropics (Wang and Xie 1997) , the OLR anomalies would indicate a westward movement in the latitudes if the oscillations are dominant. However, the OLR anomalies did not show such a westward movement with the subseasonal oscillations and were rather stationary in the day lag 0 in both ENSO/L (Fig. 12a) and TBO/L (Fig. 12b) . In ENSO/L, the center of OLR anomalies seems to move slightly westward from 140°E to 110°E around the day lag 0. This westward movement stopped by 110°E, and did not reach South Asia unlike Rossby waves. The rapid end is probably caused by the landing of TCs on the Asian continent. In TBO/L, negative OLR anomalies have a maximum between 135°E and 155°E around the day lag 0; this occurs simultaneously, without subseasonal oscillations. These results show that anomalous convection in Region A during ENSO/L and in Region E during TBO/L have weak correlation with subseasonal oscillations.
Summary
This work investigated the covariability between the Baiu precipitation and TC activity in the WNP through large-scale atmospheric circulations associated with the ENSO and the TBO of the Asian monsoon. Using 30 year data from 1979 to 2008, this work focused on the interannual variability in precipitation of Baiu region near Japan (25°−40°N, 125°−155°E).
To extract predominant spatiotemporal structures from the interannual variability, we applied the EOF analysis to the precipitation rates near Japan in the Baiu season (June and July) for 30 years. The EOF1 showed an interannual variation along the entire Baiu front (Fig. 3a) with a periodicity of about 5 years (Figs. 3b, c), which was controlled by the ENSO (Fig. 5a) . The EOF2 captured an aspect of the TBO with a dipole between Kyushu and the center to southeast of Japan (Fig. 4a) , which displayed a quasi-biennial periodicity (Figs. 4b, c) . This work calls these two EOF modes the ENSO and TBO modes, respectively, and confirmed that the third and higher EOF modes were not correlated with the ENSO or the TBO. This work has examined that the Baiu precipitation is modulated by both the ENSO and the TBO. For the ENSO and TBO modes, the La Niña-like and El Niño-like cases were defined using SSTAs in the eastern tropical Pacific. We termed these cases ENSO/L, ENSO/E, TBO/L, and TBO/E; where /L and /E indicates the La Niña-like and El Niño-like cases, respectively. The associated large-scale atmospheric circulations and covariability between the Baiu precipitation and TC activity in the WNP were examined for each case.
As indices of TC activity, this work employed NTC and ACE. To choose specific regions, we focused on areas where large stream function anomalies appeared (Fig. 6) . In ENSO/L, NTC significantly increased around the Philippines (Table 2) ; while in TBO/L, ACE was significantly enhanced in the area to the southeast of Japan, around 28°N, 145°E (Table 3) . TC activity in the two regions had a significant relationship with atmospheric circulations affecting the Baiu precipitation, which was also associated with the ENSO and TBO modes.
To diagnose the effects of TCs on the specified regions, this work estimated the ALL, EXT, and WIT composites using daily mean data. Both ENSO/L and TBO/L exhibited a covariation between the Baiu precipitation and TC activity through large-scale atmospheric circulations, which is summarized in Fig. 13 . For ENSO/L and TBO/L, the effects of TC activity complemented the atmospheric circulation anomalies and modified the axis of monsoon westerlies in the WNP (Figs. 9, 10 ), which supports formation of precipitation rate anomalies in the Baiu front (Figs. 6a, b) . Without these effects, the atmospheric circulation does not form suitable anomaly fields that are related to dominant interannual modulations of Baiu precipitation in ENSO/L and TBO/L. In addition, subseasonal oscillations were not well correlated to TC activity over the centers of atmospheric circulations (Figs. 11,  12 ). The effects of TC activity are unimportant in EN-SO/E and TBO/E for the anomalous atmospheric circulations associated with the interannual modulations of Baiu precipitation. Therefore, TC activity in the WNP selectively covaries with the atmospheric circulations associated with modulations in the Baiu precipitation, according to the phases of ENSO and TBO.
The relationship between the TC activity and the large-scale atmospheric circulations may need further verification. Using data with low spatiotemporal resolution such as observational or canonical reanalysis data, the evaluation of direct and indirect effects of TCs on the Baiu precipitation would be difficult. How do we isolate the causes of interannual modulations of Baiu precipitation? How do we quantitatively estimate these direct and indirect effects? To approach these issues, sensitivity experiments with large-scale and high spatiotemporal resolution models are required. We are conducting such numerical experiments using a stateof-the-art general circulation model (GCM) which can simulate realistic TCs and the Baiu precipitation in a non-hydrostatic frame. 
